Scanning tunneling microscopy with InAs nanowire tips 



Kilian FlohrQ Marcus Liebmann, and Markus Morgenstern 
//. Institute of Physics B and JARA-FIT, RWTH Aachen University, 52056 Aachen, Germany 

Kamil Sladek, H. Yusuf Giinel, Mihail Ion Lepsa, Hilde Hardtdegen, and Thomas Schapers 
Peter- Grilnberg Institute (PGI-9) and JARA-FIT, Forschungszentrum Jiilich, 52425 Jiilich, Germany 

(Dated: December 21, 2012) 

Indium arsenide nanowires grown by selective-area vapor phase epitaxy are used as tips for scan- 
ning tunnehng microscopy (STM). The STM tips are reahzed by positioning the wires manuahy on 
the corner of a double cleaved gallium arsenide wafer with sub-|j,m precision and contacting them 
lithographically, which is fully compatible with further integrated circuitry on the GaAs wafer. STM 
images show a z noise of 2pm and a lateral stability of, at least, 0.5 nm on a Au(lll) surface. I{z) 
spectroscopy reveals an exponential decay indicating tunneling through vacuum. Subsequent elec- 
tron microscopy images of the tip demonstrate that the wires are barely modified during the STM 
imaging. 



Scanning tunneling microscopy (STM) is the most 
advanced tool to probe the local density of states pj-tSj, 
excitations [H |5] including dynamics [6 as well as 
fingerprints of correlations [THTT] down to the atomic 
scale. However, since the tip is typically metallic, all 
long-range correlations are effectively screened cutting, 
e.g., the electron-electron interaction in quantum Hall 
systems at a length scale of about 10nm.[12j Using 
materials with a charge density lower than the tunneling 
tip (e.g. doped semiconductors) would partially resolve 
this problem and, in addition, might open the possibility 
of integrated circuitry directly at the tip. However, little 
effort has been devoted to semiconducting tips so far.[T3^ 
One appealing possibility is to use the well-developed 
epitaxially grown semiconductor nanowires. p!4] - [l6] 
Such nanowires have already been used for advanced 
electronic applications and fundamental experiments in 
quantum physics. (TTHSQ] 

However, several challenges have to be overcome to 
reach this goal. Especially the preconditions of the same 
quality in mechanical stability, electrical characteristics 
and the possibility of atomic resolution as conventional 
metallic tips have to be achieved. To this end, we show 
that single InAs nanowires, known for their conducting 
surfaces without Schottky barriers, [21 are suitable for 
STM tips. Atomic resolution images of Au(lll) and 
a z-noise of 2 pm demonstrate the high mechanical 
stability of these tips. Spectroscopic characterization 
of the tips reveal the characteristic fingerprints of InAs 
surfaces. [22 

For the fabrication of our STM tips, we use InAs 
nanowires which are grown epitaxially by catalyst-free 
selective area metal organic vapor phase epitaxy. [16l 
[23] The nanowires are n-doped (n ~ 2x10^^ cm~^, 
// 500 as determined by four-terminal transport 

measurements, have diameters of approximately 120 nm 
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FIG. 1. (Color online) (a) Piece of GaAs wafer glued on the 
support block and mounted inside the protective frame before 
transferring the polymethylmethacrylate (PMMA) sheet, (b) 
Optical microscope image of the GaAs support inside the pro- 
tective frame after transferring the PMMA. This covers the 
frame, the whole GaAs area and the gap in between including 
the InAs nanowire. The GaAs appears homogeneously blue 
which, since caused by interference, indicates that the PMMA 
film is uniform. The position of the invisible InAs nanowire 
(NW) is marked. 



and are about 3 |LLm long. Due to the growth mechanism, 
the wires consist of frequently alternating wurtzite and 
zinc blende structure, which, however, have very similar 
electronic properties. [24H2^ As a support for the InAs 
nanowires we use a semi-insulating GaAs(lOO) wafer, 
which is double cleaved in the <110> perpendicular 
directions. The cleavage leads to a sharp edge inside 
a prepatterned marker field. For better handling, the 
cleaved piece is glued to a stainless steel block, which 
can be mounted either on a standard STM tip holder 
or in a protective frame as shown in Fig. [ija). We use 
a sharp indium tip, mounted onto a micrometer screw 
to place the nanowire at the desired position. Under an 
optical microscope a single nanowire is firstly removed 
from the growth substrate by its adhesive force and sub- 
sequently placed at the corner of the GaAs support with 
a precision of less than 1 jam. This method is described 
in detail elsewhere. [27 We place the wire such that it 
is freely suspended for approximately 1 jam beyond the 
corner. This is long enough to guarantee that the wire 
protrudes the GaAs support when approaching a surface 
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within the STM, but short enough to guarantee mechan- 
ical stabihty of the wire. 

The next challenge is to realize ohmic contacts to 
the nanowire since common spin coating for subsequent 
lithography results in an inhomogeneous thickness of the 
polymethylmethacrylate (PMMA) at the sample edges. 
Different PMMA-free techniques have been tested, in 
particular indium microsoldering[28l |29] and electron 
beam induced deposition (EBID)[30l [3Tj. Both, how- 
ever, led to poor electrical contacts with resistances larger 
than 1 MQ. This is probably due to the native oxide sur- 
rounding the In As nanowire surface. |32l |33] Therefore, 
we adopted the technique of Dean et al. used to trans- 
fer graphene onto a boron nitride flake with the aid of 
a PMMA sheet: [34] A polyvinyl alcohol (PVA) 4% so- 
lution is spin coated with 4000 rpm to a (15x15) mm^ 
Si/Si02 wafer piece and baked for 2min at 100°C on 
a hot plate. Subsequently, PMMA (600k 7%) is spin 
coated with 7000 rpm on the PVA layer and baked for 
7min at 120°C. The thicker edges of the PMMA are re- 
moved with a scalpel and the wafer with the two coat- 
ings is brought onto the surface of deionized water to 
separate the PMMA layer from the substrate by dissolv- 
ing the PVA. Afterwards, the floating PMMA is fished 
from the water surface using a metal frame. After dry- 
ing, the PMMA film is finally transferred mechanically 
on top of the GaAs support, which is mounted inside the 
protective frame [Fig.jlja)], and heated to approximately 
130° C during transfer. This process results in a largely 
homogeneous layer of PMMA covering the whole GaAs 
including the edges and especially the suspended part of 
the nanowire, which is additionally stabilized by the con- 
tinuous film [Fig. [TJb)]. 

Afterwards, two contact areas at the end of the supported 
nanowire are defined by electron beam lithography. Af- 
ter Ar sputtering (0.3 keV) to remove the native oxide 
of the wire, contacts are deposited by evaporation of 
Ti/Au (10 nm/170 nm). Nearly all prepared wires sur- 
vived the subsequent lift-off process using acetone (ap- 
prox. 8 hours) and isopropanol. Figure |2|b,c) shows 
scanning electron microscopy (SEM) images of such a 
contacted nanowire before and after usage as an STM 
tip. Unfortunately the two contacts which were meant 
to test a sufficient conductivity overlap for this tip which 
was used for the measurements here. But tests with 
other nanowires revealed reproducible ohmic behavior 
of identically prepared contacts exhibiting two-terminal 
resistances below 20 kQ. One four-terminal resistance 
measurement on the GaAs support even revealed a con- 
tact resistance below 1 kQ. More importantly. Fig. |2] 
demonstrates that the nanowire survived the approach 
to and removal from the Au(lll) surface implying that 
the STM measurement in between has been performed 
by the nanowire. 

For STM measurements, the support block with the 
processed InAs tip is mounted on the tip holder of a 
home-built room temperature STM system operating in 
ultrahigh vacuum (10~^Pa). Using the geometry shown 




FIG. 2. (Color online) (a) GaAs support with contacted InAs 
tip mounted on the STM tip holder, (b) SEM image (75°- 
tilted view) of the STM tip before approaching a Au(lll) 
sample. The small overhang of the GaAs support corner pro- 
vides a tolerance of about 2.5° in angular adjustment accuracy 
of the nanowire with respect to the probed surface, still guar- 
anteeing a protruding nanowire during the tip approach, (c) 
SEM image (top view) of the same nanowire after use as a 
STM tip on a Au(lll) surface. 



in Fig. |2|b), we estimate that the InAs nanowire will 
reach the surface of the sample first, as long as it is ori- 
ented perpendicular to the surface within a deviation of 
less than 2.5°. Furthermore the approach should be as 
perpendicular as possible to minimize the lateral bend- 
ing forces on the nanowire originating from the sample. 
Therefore, we adjusted the surface of the GaAs support 
with an accuracy of 1° safely preventing that this will 
reach the sample surface first. In order to remove the 
oxide barrier at the end of the nanowire, Ar sputtering 
(ion energy: 0.3 keV) has to be applied in-situ before 
approaching the tip to the sample. Indeed, we did not 
achieve stable imaging without this sputtering step. The 
wires are firstly ion bombarded under two opposite angles 
of ±45° to the axial direction, for 30min each, and af- 
terwards at 0° for about 60 min. SEM pictures, recorded 
directly after sputtering, show an abrasion of less than 
10 nm in diameter and length of the wire. 

STM images are recorded on a Au(lll) crystal pre- 
pared by several cycles of ion bombardment (600 eV Ar) 
and annealing (450° C). To approach the tip to the Au 
surface, we use a sample bias of +1V, safely avoiding 
tunneling into the band gap of the nanowire (tunnel cur- 
rent: 10 pA). Figure |3|a) shows an STM image of a single 
atomic step of the Au(lll) surface. The well-known her- 
ringbone reconstruction [35 is visible on both terraces. 
The STM image represents the raw data except that it 
has been flattened using a plane fit. The quality of the 
STM data is clearly seen in the line scan of Fig. |3jb) 
revealing a height difference between the two terraces 
of (224±26) pm, as determined using histograms of the 
z values on both terraces. This is in good agreement 
with the known value of 235 pm. The width of the step 
obtained by averaging a few line scans is (0.6±0.1)nm, 
which can be regarded as an upper limit of the lateral 
resolution. In particular, it excludes that the nanowire 
oscillates laterally by an amplitude of more than 0.5 nm. 
This is an important finding, rather difficult to achieve, 
e.g., for carbon nanotube tips. [361 [37] Forward and back- 
ward line scans exhibit a relative lateral shift of about 
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FIG. 3. (Color online) (a) STM topography of Au( 111) (sam- 
ple bias: U = +1 V, I = 50 pA). Inset: STM images exhibit- 
ing atomic resolution (U = +1 V, I = 10 pA) with red dots 
marking the atoms. The scale bar is 5 A. (b) Line scan along 
the blue line in (a). Full red curve: forward scan, dashed 
black curve: backward scan. The relative shift of the step 
edge is 0.6 nm. Inset: zoom into the range from 5 nm to 8 nm. 



(0.53=b0.07) nm, which is nearly identical to the shift ob- 
served by using Ptir tips, (0.65±0.26) nm. The difference 
is probably due to a remaining creep of the piezo scan- 
ner. This excludes, in addition, a strong bending of the 
nanowire at the step edge or during the scanning process. 
The noise level in z direction is determined as the stan- 
dard deviation from the mean value of several line scans 
recorded on the flat areas of the surface, i.e., in between 
the reconstruction lines [see inset of Fig. |3|b)]. It is 
(j^ = 2.2 pm at a remaining current noise of a/ = 1.7 p A 
for a current of I = 50 pA. For a room temperature STM 
system, this excellent value points again to the high me- 
chanical stability of the nanowire tip. Atomic resolution 
on the Au(lll) surface has been occasionally observed. 
One example is shown in the inset of Fig. [3](a). The 
structure did not change by rotating the scan direction 
and varying the scan speed excluding that it is a mea- 
surement artifact. However, the atomic distance is about 
5-10% less than the known distance of Au(lll), proba- 
bly due to thermal drift. The apparent line structure of 
the atoms might be related to a tilted p-orbital at the 
end of the imaging nanowire. 

/(z) spectroscopy results are shown in Fig. [4]^ a) revealing 
an exponential decay of the current with tip-sample sep- 
aration, as expected for tunneling. The decay constant of 
K = 6.17x10^ m~^ is nearly identical to the one observed 
for W tips on InAs(110),[22^ but slightly reduced with 



respect to metals probably due to surface band bend- 
ing effects on the In As surface. This implies a favorable 
low charge density at the tip surface. The dl /dU curve 
shown in Fig. |4jb) is recorded using a lock-in amplifier. 
It exhibits a reduced dl/dU signal within about 300 meV 
around the Fermi level as expected from the InAs band 
gap. Importantly, it strongly deviates from spectra ex- 
pected on GaAs[38, 39 (band gap: 1.42 eV) additionally 
evidencing that the InAs nanowire and not the GaAs 
support is used for STM imaging. 

In summary, we have fabricated InAs nanowire tips 
for STM measurements exhibiting a rms z noise level of 
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FIG. 4. (Golor online) (a) I{z) curve averaged over 5 spectra 
recorded with the InAs tip (black squares) at different posi- 
tions of the Au(lll); stabilization at U = 1 V, I = lOOpA; 
an exponential fit e~^^^ with k, = 6.17x10^ m~^ (red line) is 
shown for comparison, (b) dl /dU{U) curve averaged from 10 
spectra; stabilization at I = 100 pA, U = 1 V. 

only 2 pm and a lateral resolution better than 0.5 nm. 
I{z) spectroscopy reveals the tunneling characteristics of 
the tip and subsequent electron microscopy images show 
its stability during coarse approach and removal from 
the substrate. All these results show the good quality of 
STM imaging with a semiconducting nanowire in com- 
parison to well prepared metallic tips at room tempera- 
ture in ultrahigh vacuum. The InAs tips are placed and 
lithographically contacted on a GaAs wafer opening the 
possibility for integrated circuitry directly at the tip. 
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